Summary. A method has been developed for the simultaneous measurement of insulin release and electrical activky in single micro-dissected mouse islets of Langerhans. The effects of D-glucose have been studied in individual islets. Each islet was exposed to 0, 5.6, 11.1, 16.7, 22.2, 27.8 and 33.3 retool/1 glucose in a stepwise fashion. The minimum glucose concentration required to elicit spike activity is lower than that required to stimulate insulin release above basal levels and the maximum spike frequency occurs at a lower glucose concentration than does maximum insulin release. Following a reduction in glucose from 27.8 (or 33.3) to 5.6 mmol/1, membrane potentials returned to resting values within 2 min whereas insulin returned to basal values after 20 min. Increasing glucose from 5.6 to 27.8 mmol/1 induced spike activity within 10 s; the insulin response was detected within 40 s. Thus, it is possible to use the single mouse islet for simultaneous measurements of insulin release and electrical activity.
brane potentials and insulin release from single islets has only recently been reported [3] . In that study, we found that the insulin release in the presence of 11.1 mmol/1 glucose was pulsatile and showed a periodicity close to that of the burst pattern of electrical activity.
It has also been proposed that the cells within an islet of Langerhans function in synchrony, as there is evidence that the B cells are coupled in the presence of glucose [4, 5, 6, 13, 15, 18] . Thus, the electrical recording from one B cell may be representative of the electrical activity of the majority of the B cells within the islet.
In this study we describe a method for the simultaneous measurement of insulin release with B cell membrane activity from single mouse islets of Langerhans. We have measured the insulin release in response to various levels of glucose up to 33.3 mmol/1 and have made recordings of the membrane potential fluctuations from a B cell in each islet studied. These results have been used to obtain glucose dose-response curves for both insulin release and spike frequency.
Materials and Methods
In recent years several groups have studied the membrane potential fluctuations induced by D-glucose in pancreatic islet cells, identified as B cells by the characteristic pattern of electrical activity in bursts of spikes [2, 12, 14, 16, 17] . It has been proposed that the action potentials, or spikes, may be correlated with insulin release and either result from or are a stimulus to exocytocis [2, 10, 11, 12, 16, 17] . Although it is possible to measure insulin release from single mouse islets [4, 7, 19] , the simultaneous recording of B cell mem-
Perifusion Chamber
The chamber used in previous work [2] was modified to be able to record simultaneously the electrical activity from B cells and to collect the perifusate for measurement of the insulin content. The suction outflow was changed for a wedge-shaped groove across one side of the plastic chamber. A short piece of glass capillary was mounted at an angle through this groove; the angle and length of capillary were adjusted so that as each drop of solution formed and fell from the tip and there was no disturbance of the solution within the chamber. This was necessary to avoid dislocation of the microelectrode and termination of the electrical recording. The chamber volume was 40 ILl. The dead space between the stopcock and the 0012-186X/81/0021/0470/$01.20 chamber introduced a time delay of about 3 s. The flow rate through the chamber was controlled at a constant value throughout each experiment by maintaining the perifusion solution at a fixed height above the chamber. The flow rate varied slightly between each experiment, the average being 1.82 ml/min with a range of 1.74 to 1.85 ml/min. At the end of each experiment the volume of every sample was measured to check that the flow rate had been constant throughout the experiment.
Collection of Samples
The chamber was orientated at an angle on a heavy metal plate so that the perifusate could drip into a container dissociated from the anti-vibration mounting. In order to avoid any mechanical disturbances, manual collections were made by gently sliding a rack of tubes under this drip.
Insulin Assays
Following collection, all samples were stored at -20 ~ until they were assayed for insulin by radioimmunoassay. Mouse insulin was used as standard; ~25Iqabelled bovine insulin was used as the radioactive tracer and guinea-pig anti-porcine insulin serum used as antibody. All dilutions of standards, antibody and radioactive tracer were carried out in 0.05 tool/1 phosphate buffer containing 0.154 tool/1 NaC1 and 0.5% BSA (bovine serum albumin), pH 7.4. All samples were assayed in duplicate without dilution; 200 ~tl of sample or standard were incubated with 50 ~1 antibody at 4 ~ for 24 h. Following the addition of 50 ixl of radioactive tracer the assay was further incubated at 4 ~ C for 24 h. Antibody bound and free hormone were separated by the addition of 200 gl of dextran coated charcoal solution (2.5% charcoal, 0.25% dextran in 0.05 tool/1 phosphate buffer). Following centrifugation at 4 ~ C, the supernatant was removed and the radioactivity in the charcoal precipitate counted in a well-type gamma counter. The lower limit of sensitivity of the assay varied slightly between assays, depending on the batch of radioactive tracer used, from 16 to 32 pg insulin/ml. The intra-assay variation was 8% and the interassay variation was 14%. Samples collected throughout an experiment were always processed in a single assay to minimize variation.
Calculation of Spike Frequency
Spike frequency was estimated from the print out of the electrical record made during minutes 8-10 of the exposure of each islet to a new glucose concentration. Each estimate was made by counting the total number of spikes over a 10 s interval. Twelve estimates were made for each glucose concentration tested.
Animals
Albino mice, weighing 25-30 g, with free access to water and standard laboratory chow, were used in this study.
Experimental Procedure
The electrophysiological methods used in this work have been described previously [2] . The islets were micro-dissected leaving some pancreatic acinar tissue attached to permit holding the islet firmly, by means of pins through this acinar tissue, to the soft plastic covering of the bottom of the chamber. At the end of each experiment the islet was further dissected to permit measurement of three diameters (d~, d2 and d3). These were measured using a dissecting microscope under x 100 magnification and a calibrated eye-piece graticule; islet volume was calculated as 0.52 x dl x d2 x d3. All islets used in this study were dissected from the tail portion of the pancreas. In previous studies of 30 individual islets we observed that only islets with at least two of the three diameters greater than 200 Ixm released sufficient insulin in 20 s to be detected with our assay. For this reason only large islets were used in this study.
Each islet was perifused with modified Krebs solution (ll0mmol/1 NaC1, 5 retool/1 KC1, 25 mmol/l NaHCO3, 2.5 mmol/l CaC12, 1.1 mmol/l MgCI2, saturated with 95% 02/5% COz, temperature 37.5 ~ containing 0.5% BSA. Glucose at a concentration of 1 t.1 mmol/l was present in the perifusion solution until a B cell was impaled (this operation usually took about 20 rain). Continuous recording of the membrane potential began when the B cell showed stable membrane potentials and the regular burst pattern of electrical activity. Membrane potentials were recorded on magnetic tape (Racal Thermionic, Store 4). The tape recordings were later used for analysis of spike frequency. A second channel was used on the tape recorder as an event marker, simultaneously marking the tape and emitting an audible signal every 20 s to indicate the time &individual sample collections.
In the present study a B cell was impaled with a micro-electrode in the presence of l t.t mmot/1 glucose. The solution was then switched to one with zero glucose and the islet was kept in this solution for 10 min. During the last 2 min, six samples (20 s each) of the perifusate were collected. The solution was then switched to one with 5.6 mmol/1 glucose. As before, the islet was perifused with this solution for 10 rain and samples were collected during the last 2 min. This perifusion and collection routine was repeated with 11.1, 16.7, 22.2, 27.8 and 33.3 mmol/1 glucose solutions in stepwise fashion in six individual islets (BB-16, BB-17, BB-21, BB-22, BB-23 and BB-24). Following the completion of the glucose dose-response study in each islet, the glucose concentration was lowered to 5.6 mmol/l. Groups of three samples (20 s each) were collected at various times for up to 40 rain after the switch from high to low glucose and the insulin content measured. In three additional experiments, individual islets were exposed to 33.3 mmol/1 glucose for 20 min before switching to 5.6 mmol/l glucose. At the time of the switch from high to low glucose, 2.5 retool/1 COC12 was used in the modified Krebs solution in place of the usual 2.5 mmol/l CaC12. Samples of the perifusate were collected continuously for 23 rain starting 3 min before the switch to low glucose. The samples were collected over 1 min intervals except during the first 5 rain after the addition of Co 2+ when they were collected over 20 s intervals. Membrane potentials were recorded continuously in all experiments.
Chemicals
All chemicals used were of analytical grade unless stated. Mouse insulin was from Novo Research Institute, Denmark. Anti-insulin serum (guinea-pig) was from Wellcome Reagents, Dartford, Kent, UK. J2SI-bovine insulin was from Radiochemical Centre, Amersham, UK. BSA (Fraction V) was from Armour Pharmaceuticals, Eastbourne, UK. Charcoal (Norit SX 1) was from Hopkin & Williams, Essex, UK. Dextran T 70 was from Pharmacia, Uppsala, Sweden. the insulin release was significantly increased as the concentration of glucose was increased beyond 11.1 retool/1. In three experiments the insulin output from the islet reached a maximum at 27.8 mmol/l glucose (BB-21, BB-22 and BB-24). The insulin output from one of the islets (BB-17) reached a maximum at 22.2 mmol/1 glucose. In the other two, the insulin output had not saturated at 27.8 mmol/1 glucose (BB-16) or 33.3 mmol/1 glucose (BB-23).
Results

Glucose Dose-Response of Insulin Release from Single Perifused Islets
Membrane Potential as a Function of Glucose
After identification of an active B cell by the typical burst pattern of electrical activity in 11.1 mmol/1 glucose, the islet was exposed to glucose-free solution for 10 min. In all cases, the membrane hyperpolarized and electrical activity was suppressed. None of the B cells examined was electrically active during the 10 min exposure to 5.6 mmol/1 glucose. Upon switch- ing to a solution containing 11.1 mmol/1 glucose, the electrical activity followed a biphasic pattern with the spike frequency increasing at first and decreasing after a few min. After switching to a solution containing 16.7 mmol/1 glucose, the electrical activity increased, again in a biphasic manner. 
Variability of Insulin Release from Islet to Islet
Insulin release in response to glucose varied from islet to islet. Table 1 also gives the degree of stimulation from each islet, using the ratio of the insulin release in the presence of 27.8 mmol/1 to that in 5.6 mmol/1. On average the islets released 10.4 times more insulin in the presence of 27.8 mmol/1 glucose than in the presence of 5.6 mmol/1 glucose. Spike frequency does not appear to correlate with islet size. In 11.1 mmol/1 glucose it ranged from 0.8 to 2.9 spikes/s. In 22.2 retool/1 glucose the spike frequency ranged from 2 to 4 spikes/s.
The Effect of Removal of the Glucose Stimulus
Following the completion of the glucose dose-response curves in each islet, the effect of lowering the glucose level to 5.6 retool/1 on insulin release and membrane potential was examined. In all cases the insulin fell exponentially towards the original level of insulin release in response to 5.6 mmol/1 glucose at the beginning of the dose-response study. The average time constant, r, was 12.6 _+ 1.0 rain (SEM). In four of the islets there was an 'off response', that is, a transient increase in the insulin output from the islet after the glucose concentration in the perifusate had been lowered to 5.6 mmol/1 (BB-17, BB-22, BB-23 and BB-24).
Following the switch to low glucose, the membrane potential recorded from cells within the six islets had reached a value of about -50 mV within 2 min. None of the cells studied showed an electrical "off response" or transient increase in activity. In two of the islets (BB-16 and BB-23), the cells responded 7-8 min after the switch with a short period of burst activity following the hyperpolarization. There was no activity seen in the other four cells after the initial hyperpolarization induced by switching to 5.6 mmol/1 glucose.
In three experiments, the time course of the return of insulin to basal levels after exposure to 33.3 mmol/1 glucose for 20 rain was studied substituting cobalt for calcium at the time of switching from high to low glucose. In these experiments, spike activity was suppressed within a few seconds and the membrane was repolarized to values of -50 mV in less than 1 rain. The time constant for the return of insulin in the perifusate to basal levels was reduced to less than 1 min in all three experiments. Figure 2 illustrates three representative experiments; BB-16 and BB-21, showing the effects of a sudden drop in the glucose concentration to 5.6 mmol/1 after a dose-response study, and BB-79, showing the effects of replacement of Ca 2+ by Co 2+ at the time of reduction of glucose to 5.6 mmol/1. Tracings of the membrane potential from each experiment are shown together with the insulin release as measured from the perifusate over a 20-30 rain period.
Time Course of the Onset of Insulin Release
The delay between the onset of electrical activity and the appearance of insulin in the samples of perifusion solution was measured in response to a sudden glucose stimulus (changing from 5.6 retool/1 to a higher glucose concentration) in several islets. Figure 3 illustrates the data from one such experiment (BB-16). The upper part shows the tracings of the membrane potential recording and the lower part shows the time course of the appearance of insulin in the samples. The recording of the membrane potential was continuous; collection of samples for insulin assay took place between minutes 2-13 and 17.6-18.3. Columns indicate the amount of insulin in the sample which were collected over 20 s periods. In the presence of 5.6mmol/1 glucose the membrane potential was -45 mV. A sudden increase in glucose to 27.8 retool/1 induced a depolarization followed by a rapid onset of spike activity within 10 s of switching the solutions. Initially the spikes were about 20 mV in amplitude and occurred with a frequency of 13 spikes/s. At the end of the 2-min period of glucose stimulation the spike frequency decreased to 3.5 spikes/s. The membrane gradually depolarized about 10 mV during the stimulation. Upon returning to the solution containing 5.6 mmol/1 glucose, the spikes were suppressed after 40 s and the membrane repolarized to a maximum value of about -50 mV within 80 s.
The basal level of insulin released from this islet in the presence of 5.6 mmol/1 glucose was 0.048 ng/ 20 s. Upon introduction of 27.8 mmol/1 glucose, the insulin content in the perifusate started to rise within 40 s and steadily rose to a maximum of 0.368 ng/20 s during the 2 min exposure to high glucose. This value is comparable to the level of insulin measured from the same islet in response to 27.8 mmol/1 glucose during the dose response study, 0.339 ng/20 s. After returning to the solution containing 5.6 mmol/1 glucose, insulin levels in the perifusate fell slowly towards the basal level. At min 19 (13 min after removal of the stimulus), insulin in the perifusate had fallen to 0.103 ng/20 s, about double the previous basal level.
Discussion
The experiments described here represent the first major attempt to correlate B cell activity to the insulin release from the same islet and show the feasibility of measuring insulin from single mouse islets with a relatively fast time resolution.
The glucose-stimulated insulin release was relatively high, probably due to the fact that the islets used were larger than average [20, 21] The spike frequency recorded from a cell within each islet studied showed a sigmoidal response as a function of glucose, similar to that reported earlier [14] . However in the present studies the steady-state spike frequency was decreased at glucose concentrations above 27.8 mmol/1. A transient increase was often observed immediately after each increase in glucose concentration with steady-state values being reached after 4-5 rain.
Under steady-state conditions, the glucose doseresponse curve for spike frequency was different from that for insulin release in all six islets studied. The minimum glucose concentration required to elicit spike activity was lower than that required to stimulate insulin release above basal levels (between 5.6 and 11.1 mmol/1 compared with between 11.1 and 16.7 mmol/l) and the maximum spike frequency occurred at a lower glucose concentration than did the maximum insulin release (between 16.7 and 27.8mmol/1 compared with between 22.2 and 33.3 mmol/1). Since the electrical response was recorded from only one cell, this discrepancy could be due to a heterogeneous response between different B cells within an islet. This explanation is unlikely if one considers that the B cell impaled represents a random selection of the islet cell population. However, it is possible that the process of impalement with a glass microelectrode may damage the individual cell, causing some depolarization and leading to a shift in the glucose dose-respons e curve for that cell. Alternatively, the discrepancy between maximal spike frequency and maximal insulin release may result from an increased duration of the spikes in the presence of high glucose.
A discrepancy was also apparent between spike activity and insulin release during the return to basal levels after switching from high glucose to 5.6 mmol/1 glucose. While the spike activity was suppressed and the membrane was repolarized after about 2 min, insulin release did not return to basal levels for as long as 30 min. Although neighbouring B cells have been shown to remain electrically coupled in the presence of 5.6 mmol/1 glucose [6] , it is possible that the rapid cessation of electrical activity recorded in all six cells were unrepresentative of the active B cells. A slow wash-out of the insulin from the chamber and tissue can be disregarded since the substitution of cobalt [8] for calcium upon switching to the lower glucose concentration reduced the time-constant for insulin wash-out to less than 1 rain. It remains an intriguing possibility that the slow time course of the return of insulin to basal levels after a large glucose stimulus may reflect a continued release of granules after cessation of spike activity and repolarization of the membrane. Clearly further studies are needed to clarify the process.
There is good agreement between the time course for the onset of electrical activity and insulin release in the single islet perifusion system described here. The 20-40 s delay between the onset of spike activity and onset of insulin release can be reasonably attributed to the delay of insulin dissolution in the extracellular space and diffusion out of the islet.
In conclusion, our results generally support the hypothesis that insulin release is associated with the appearance of action potentials in the B cell. The single islet has been shown to be a feasible preparation for the simultaneous study of insulin release and B cell membrane potential.
